Data on the pharmacokinetics (PKs) of penicillin G (PEN) in neonates date back to the 1970s and do not include data for very-low-birth-weight (VLBW) neonates. The aim of this study was to describe the steady-state PKs and to establish an optimal regimen for the dosing of PEN in neonates with gestational ages of less than 28 weeks and birth weights of less than 1,200 g. Two PEN dosing regimens were studied: 50,000 IU (30 mg)/kg of body weight every 12 h (q12h) (group 1; n ‫؍‬ 9) and 25,000 IU (15 mg)/kg q12h (group 2; n ‫؍‬ 9). Samples for PK analysis were drawn before the injection of PEN and at 2 and 30 min and 1.5, 4, 8, and 12 h after intravenous injection of the third to eighth PEN doses. The PEN concentration was measured by a highperformance liquid chromatography with UV detection technique. The median peak and trough concentrations of PEN were 147 g/ml (lower and upper quartiles, 109 and 157 g/ml, respectively) and 7 g/ml (lower and upper quartiles, 5 and 13 g/ml, respectively) after administration of the dose of 50,000 IU and 59 g/ml (lower and upper quartiles, 53 and 78 g/ml, respectively) and 3 g/ml (lower and upper quartiles, 3 and 4 g/ml, respectively) after administration of the dose of 25,000 IU. The PEN half-life (median and lower and upper quartiles for group 1, 3.9 h and 3.3 and 7.0 h, respectively; median and lower and upper quartiles for group 2, 4.6 h and 3.8 and 5.6 h, respectively) was longer in VLBW neonates than in adults and term infants. PEN renal clearance correlated with creatinine clearance (R 2 ‫؍‬ 0.309596; P ‫؍‬ 0.038). Only a median of 34% (lower and upper quartiles, 28 and 37%, respectively) of the administered dose was excreted in urine within the following 12 h. We conclude that in VLBW infants a PEN dose of 25,000 IU (15 mg)/kg q12h is safe and sufficient to achieve serum concentrations above the MIC 90 for group B streptococci for the entire dosing interval.
Antibiotics are widely used in neonatal intensive care units (NICUs), and their widespread use has been associated with the development of antibiotic resistance. These developments have led to the preferred use of antibiotics known or assumed to have lower potentials for the selection of resistant microorganisms (22) .
Penicillin G (PEN) is a safe and narrow-spectrum antibiotic that, in combination with gentamicin, is recommended for use for the empirical therapy of neonatal sepsis (31) . It has many advantages over wide-spectrum penicillins and cephalosporins. First, it has demonstrated favorable efficacy against the majority of organisms that cause neonatal sepsis (14, 27) ; second, it is well tolerated and does not cause allergic reactions in neonates; third, compared to other beta-lactam antibiotics, penicillin has the least effect on the development of resistance by gram-negative bacteria (9) ; and fourth, narrow-spectrum penicillins have a minimal effect on the normal bowel colonization in neonates and young infants (4, 17) .
The currently recommended PEN dosage for infants born at less than 29 weeks of gestation is 25,000 to 50,000 IU (15 to 30 mg)/kg of body weight twice a day (b.i.d.), but in the case of suspicion group B streptococcal (GBS) meningitis, the dose should be doubled (19, 26) . However, the pharmacokinetic (PK) data behind this recommendation date back to 1973, when antibiotics were given intramuscularly (24) . Furthermore, in that study the mean birth weight (BW) of the population was not reported, but it is likely that in the late 1960s or early 1970s very-low-birth-weight (VLBW) infants were not included in PK studies. Later studies have shown that the PK parameters of other beta-lactam antibiotics are dependent upon changes in body water and the development of renal function with increasing gestational and postnatal age and thus support the idea that the PKs of PEN in VLBW neonates cannot be extrapolated from data collected for more mature infants (8, 16, 20, 25, 33) .
The aim of our study was to describe the steady-state PKs of the presently recommended intravenous PEN dosage of 50,000 IU (30 mg)/kg b.i.d. in VLBW infants and, if this dose appears to be suboptimal, to establish an optimal regimen for the dosing of PEN for VLBW infants. The tolerance and safety profile of PEN were monitored throughout the study.
MATERIALS AND METHODS
A prospective two-center study that planned to enroll 18 consecutive neonates in two groups was performed from 1 October 2005 to 30 April 2006 in the NICUs of Tartu University Clinic of Anesthesiology and Intensive Care, Tartu, Estonia, and Tallinn Children's Hospital, Tallinn, Estonia. Neonates were eligible for the study if they fulfilled the following criteria: (i) a gestational age (GA) of less than or equal to 28 weeks and a BW below 1,200 g; (ii) a postnatal age of less than 72 h; (iii) hemodynamic stability, defined as a mean arterial blood pressure equal to or above that appropriate for the GA, no signs of circulatory compromise (metabolic acidosis, poor perfusion, oliguria, food intolerance), and no need for inotropic/vasoactive support (7, 21) ; (iv) normal renal function, defined as urine output of Ͼ1 ml/kg/h (assessed within 6 h prior to inclusion), a serum creatinine concentration within the normal range for age (69 to 141 mol/liter) (30), and no signs or suspicion of renal disease; (v) the need for early empirical antibiotic therapy, based on the CDC revised guidelines for the prevention of perinatal GBS disease (2); (vi) a clinical need for an arterial or central venous catheter; (vii) expectancy of survival for more than 3 days; and (viii) written informed consent signed by the parents or guardian. Subjects were excluded if they had major malformations or had received drugs, with the exception of gentamicin, that may significantly affect renal function.
Study drug administration and sample collection. PEN (Biochemie GmbH, Austria) was diluted in normal saline for no more than 30 min prior to administration to a final concentration of 50,000 IU (30 mg)/ml and was administered by a slow (about 2-min) intravenous bolus injection via a peripheral or central venous catheter. The first nine infants received PEN at a dose of 50,000 IU (30 mg)/kg every 12 h (q12h) (group 1). The dose administered was based on the BW, but the actual weight of the infants on the morning of sample collection was also recorded.
The study plan was for an interim PK analysis to be conducted after the first nine subjects were recruited. The dose of PEN for the next nine subjects (group 2) was expected to be 25,000 IU (15 mg) b.i.d. if the values of the PK parameters obtained after use of the initially chosen dose appeared to be significantly higher than those achieved in adults with the currently recommended dose of 1,000,000 IU (600 mg) and the trough levels were more than 10 times greater than the MIC 90 for GBS.
Gentamicin was administered to all subjects at a dose of 5 mg/kg every 48 h by intravenous infusion over 1 h. To minimize the possible effect of gentamicin on renal function, all PK studies were performed at least 24 h after administration of the last dose of gentamicin.
For both groups samples for PK analysis were collected at steady state after administration of the third to eighth doses of PEN. A maximum of 0.3 ml of blood was drawn from an arterial or central venous catheter before the injection of PEN and at 2 and 30 min and 1.5, 4, 8, and 12 h after the end of the injection of PEN. Samples were immediately centrifuged at 2,000 ϫ g for 5 min, and the plasma was stored at Ϫ20°C for up to 1 week, when it was transferred to Ϫ80°C. All samples in each group were analyzed at the same time. The actual sampling times were recorded and used for calculation of the PK parameter values if deviations from prespecified sampling times were more than 1 min for the first sample obtained postdosing and more than 10 min for all other samples.
For safety monitoring, serum sodium, potassium, calcium, glucose, albumin, creatinine, and urea levels were measured within 24 h before and 24 h after study drug administration. To calculate creatinine clearance, the creatinine concentration was measured in the blood sample collected 12 h after infusion of the study dose.
Urine samples were collected within 12 h after PEN study dose administration at 4-h intervals. The urine was collected in plastic urine bags. Simultaneously, possible losses were estimated by weighing the diapers. The urine collection method was considered adequate, and the data for urine were used for calculation of the PK parameter values when at least 90% of the total estimated urine output for the given 4-h period was collected.
Blood pressure, heart rate, and transcutaneous oxygen saturation were monitored continuously and were recorded every 30 min by the attending nurse. Blood pressure was measured via a peripheral arterial cannula or by oscillometry, as clinically appropriate. All infants were monitored for the occurrence of adverse reactions for at least 7 days after the study. In order to identify possible adverse effects from repeated blood sampling, the need for blood component transfusions throughout the intensive care period was registered.
PEN assay. The PEN concentrations in plasma and urine were determined by high-performance liquid chromatography (HPLC) with UV detection, as described previously (13) . Briefly, plasma samples were prepared by adding 50 l of acetonitrile to 50 l of sample. After the samples were vortexed, they were centrifuged at 13,000 ϫ g for 10 min, and 40 l of the supernatant was injected into the HPLC system. For measurement of the concentration in urine, 40 l of a urine sample was injected directly into the HPLC system. The samples were analyzed at a flow rate of 1.1 ml/min in an isocratic elution with a mobile phase of 0.05 M sodium dihydrogen phosphate (pH 5.0) and acetonitrile (80/20; vol/ vol). The absorbance of PEN in plasma and urine was detected at 200 nm and 240 nm, respectively. The HPLC system consisted of a Waters 717 plus autosampler (Waters Millipore), an Alltech 426 HPLC pump (Alltech Associates Inc.), and a Waters 486 tunable absorbance detector (Waters Millipore). An Inertsil ODS-3 C 18 analytical column (150 by 4.6 mm [inner diameter]; GL Science Inc., Japan) with a 5-m particle size was used. It was protected by a platinum C 18 (7.5 by 4.6 mm [inner diameter]), 5-m-particle-size precolumn (Alltech GmbH). The chromatography software Kromex (version 32S; Akrom-EX, Estonia) was used for data acquisition. The method was linear over the ranges of 0.78 to 400 g/ml and 12.5 to 3,200 g/ml for the analysis of PEN in plasma and urine, respectively, with intraday coefficients of variance 2.1% and 1.5% for plasma and urine, respectively. Each analytical run included quality control samples at three concentrations. All study samples were analyzed in six analytical runs. Withinstudy validation was shown as the coefficients of variation were 1.5 to 2.0% for plasma and 3.0 to 3.7% for the urine quality control samples at three concentrations.
Statistical analysis and pharmacokinetic calculations. PK analysis was performed with WinNonlin software (version 5.0.1; Pharsight Corporation, CA) by applying a noncompartmental model that assumed the use of a bolus intravenous injection. The area under the concentration-time curve over the dosing interval of 0 to 12 h (AUC 0-12 ) was calculated by use of the log-linear trapezoidal rule. The AUC 0-12 was used to calculate the total body clearance (CL; the clearance at steady state). The apparent volume of distribution at steady state (V ss ) was determined by calculating the mean residence time extrapolated to infinity. The renal clearance (CL R ) of PEN was calculated as follows: CL R ϭ A e /AUC 0-12 , where A e is the amount of unchanged drug excreted into urine (A e ) during the dosing interval (). Creatinine clearance (CL CR ) was calculated directly from the urine and serum creatinine concentrations at 12 h. Multiple linear regression analysis (StatsDirect software, version 2.3.4; Cheshire, United Kingdom) was used to estimate the influence of GA, gender, CL CR , and weight on AUC 0-12 , CL R , CL at steady state, and V ss .
The study was approved by the Ethics Committee of Tartu University.
RESULTS
From October 2005 to April 2006, a total of 24 neonates eligible for the study according to the GAs and BWs were admitted to the participating NICUs. Six of them were excluded (three in each period) for the following reasons: major congenital malformation (n ϭ 1), parental refusal (n ϭ 1), and hemodynamic instability (n ϭ 4). The first group was recruited from 1 October to 15 December 2005, and the second group was recruited from 1 February to 30 April 2006. As presented in Table 1 , the baseline demographic data for the two study groups were similar. None of the study subjects had a positive blood culture prior to or during the study.
The values of the PK parameters for both groups are presented in Table 2 , and individual time-concentration curves are presented in Fig. 1 . One patient in group 1 accidentally received almost a double dose of PEN (83,300 IU/kg, equivalent to 50 mg/kg; shown as a dashed line in Fig. 1) ; the data for this patient were excluded from the calculations of the PK parameter values for the first dosing regimen (Table 2) . Another infant, born at week 26 of gestation with a BW of 700 g, had a PEN elimination half-life (t 1/2 ) of 35.1 h (shown as a bold line in Fig. 1 ). The baby was studied on day 2 of life, when she had lost only 3% of her BW and had clinical edema. She was diagnosed with late-onset sepsis 3 days after the PK study. The interim PK analysis (group 1) demonstrated that with the dose of 50,000 IU (30 mg)/kg q12h, the values of various PK parameters, such as the maximum (peak) concentration of drug in serum (C max ), the minimum (trough) concentration of drug in serum (C min ), and AUC 0-12 , in neonates were much greater than the respective values in adults after the administration of the doses recommended in most textbooks and that the median C min of 7.4 g/ml exceeded the MIC 90 s for GBS by about 100 times. Therefore, for the second group, the PEN dose was reduced by half, to 25,000 IU (15 mg)/kg q12h. As expected, the dose reduction resulted in proportionally lower C max s and C min s and lower AUC 0-12 values (Table 2 ). With both dosing regimens a significantly longer t 1/2 compared to those in adults and term infants was observed, but there was no difference between the two study groups (median t 1/2 s, 3.6 and 4.1 h for groups 1 and 2, respectively).
After reduction of the dose to 25,000 U (15 mg)/kg q12h in group 2, the PEN C min still remained well above the MIC for GBS (MIC 90 , 0.062 to 0.094 g/ml) for all patients (10, 11) .
Urine samples were adequately collected (90% of the estimated urine output) from five subjects in the first group and seven subjects in the second group. Table 3 presents data on CL CR and the urinary elimination of PEN. The CL CR and 24-h creatinine excretion values were similar for both groups, with a wide range of variation, despite the relatively narrow range of BWs and GAs of the infants in our study. A higher PEN urinary recovery was observed with the dose of 50,000 IU (30 mg)/kg compared to that observed with the dose of 25,000 IU (15 mg)/kg (41% and 29%, respectively). To exclude drug degradation as a possible cause for the relatively low urinary recovery of PEN, we left urine samples that had been spiked with PEN in the incubator at the temperature usually needed for VLBW infants within the first days of life (36.2°C). No more than 10% of the drug was lost within 4 h, which was the urine collection interval in our study. There was a significant correlation between PEN CL R and CL CR (Fig. 2) .
According to clinical and laboratory indices, all infants remained stable throughout the study. The study-related median blood loss was 2.3 ml/kg (lower and upper quartiles, 2.0 and 2.9 ml/kg, respectively), and the need for erythrocyte transfusion with a median of two transfusions (lower and upper quartiles, one and three transfusions, respectively) or 24 ml (lower and upper quartiles, 15 and 27 ml, respectively) per patient did not differ from the routine requirements for VLBW infants in both wards. One patient in each group did not require blood component transfusion throughout the intensive care period.
DISCUSSION
To the best of our knowledge, this is the first study of the PKs of intravenous PEN in VLBW infants, the majority of whom were artificially ventilated. The main finding of our study is that the currently recommended regimen for the dosing of PEN for neonates led to extremely high C max s and C min s. The C max of PEN after the administration of 50,000 IU (30 mg)/kg q12h exceeded the MIC 90 for GBS, the leading cause of early-onset neonatal sepsis, by more than 1,000-fold, whereas the dosing regimen with a two-times-lower dose of 25,000 IU (15 mg)/kg q12h ensured C min s above the MIC for GBS in all patients (12, 18) . Considering the relatively high prevalence of meningeal involvement in early neonatal sepsis and the nonspecificity of the clinical symptoms of meningitis in VLBW infants, the PEN dosing regimen recommended should ensure the presence of adequate antibiotic concentrations in cerebrospinal fluid (CSF). There are very limited data on the PKs of antibiotics in the CSF of neonates, especially premature infants. However, one may assume that the penetration of an antibiotic through the blood-brain barrier (BBB) in neonates is not much different from that in adults and, if anything, might be even better (29) . Thus, considering that the penetration of PEN through the inflamed BBB is about 10% and that the principal determinant of antibiotic effectiveness is the relation between the antibiotic concentration in CSF and the minimal bactericidal concentration (MBC) for the infecting organism, in which the required time above the MBC is 100%, the PEN dose of 25,000 IU (15 mg)/kg q12h is likely to be adequate in most cases; and even when meningitis is suspected, an additional increase in the dose may not be required in VLBW neonates (15, 23, 32) . Assuming a 50% protein binding of PEN and an MBC of two times the MIC (0.12 to 0.18 g/ml) (18, 28) , the active non-protein-bound concentration of PEN would still exceed the MBC two times. However, such calculations should be interpreted with caution, as the true PKs of PEN in CSF may be influenced by a variety of additional factors. Although PEN is generally well tolerated and we did not observe any drug-related adverse events throughout the study, serious dose-related organ toxicities have been reported, including central nervous system toxicity in the form of myoclonic seizures (3, 6) . With their large central nervous system volume, higher BBB permeation, and immature renal function, preterm infants are likely to be especially vulnerable, although the clinical manifestations may not be easy to recognize (1, 26) . Unnecessarily high drug concentrations clearly carry a higher risk because of these factors. Serious encephalopathy with seizures has been described in an adult with a serum PEN concentration of 100 g/ml, similar to the peak concentrations seen by us after administration of the dose of 50,000 IU (30 mg)/kg (27) . There is also a potential risk of a paradoxical effect, described in vitro by Eagle and Musselman in 1948 (10) ; however, the clinical relevance of this is still not completely clear.
Our results, which showed a longer t 1/2 and higher C max s and C min s of PEN in VLBW infants compared to those in adults and even term neonates, are well consistent with the results of previous studies of the PKs of beta-lactam antibiotics in VLBW infants and are most likely the result of the higher body water content and different compartmental distribution of the body water in VLBW infants, as well as their immature renal function (1) . Similar recommendations for the use of lowerdose, longer-interval drug administration regimens for VLBW infants have been reported for several beta-lactam antibiotics, like amoxicillin, ampicillin, carbenicillin, and meropenem (16, 20, 25, 33) .
In adults PEN is predominantly excreted unchanged by the kidneys, primarily by tubular secretion, with other elimination routes accounting for less than 20% of the total dose administered (6) . In preterm neonates with immature renal function   FIG. 1 . Individual time-concentration curves of intravenous PEN in VLBW infants receiving PEN doses of 50,000 IU/kg (left) and 25,000 IU/kg (right). Dotted line, the patient accidentally received PEN at a dose of 83,300 IU (50 mg)/kg; the data for this patient were excluded from calculations of the PK parameter values for group 1; bold line, an infant born at the 26th week of gestation with a BW of 700 g had clinical edema and a PEN t 1/2 of 35.1 h; the data for this patient were included in the calculations of the PK parameter values for group 1. and especially immature tubular function, the renal elimination of other beta-lactam antibiotics within the first week(s) of life has been shown to be proportional to the glomerular filtration rate, with total CL R exceeding the glomerular filtration rate only after several weeks, when significant maturation of tubular function has been achieved (5, 16, 25) . A significant correlation between the amount of PEN excreted into urine and CL CR was demonstrated in more mature neonates by McCracken et al. (24) and was also shown in this study, suggesting that as with other beta-lactam antibiotics, glomerular filtration is the predominant renal excretion mechanism of PEN in VLBW neonates. Although our study was conducted at steady state, only 22 to 74% of the administered PEN dose was excreted in urine within 12 h. Similar results for PEN elimination in neonates were reported by McCracken and coworkers (24) , who found that 26.4 to 36.8% of the drug is excreted in urine within 12 h after intramuscular administration of 16,650 to 25,000 IU (10 to 15 mg)/kg of PEN, with larger amounts of the drug excreted after the administration of larger doses. These results may suggest that elimination routes other than renal excretion play a role in PEN elimination in neonates.
Conclusions. In VLBW infants a PEN dose of 25,000 IU (15 mg)/kg q12h is safe and is sufficient to achieve concentrations in serum and, most likely, CSF above the MIC 90 for GBS for the entire dosing interval.
Our study underlines the fact that the values of the PK parameters of drugs in extremely immature infants are different from those in adults, older children, and even term infants. In order to avoid unnecessary adverse effects or insufficient efficacy, there is an urgent need for more extensive studies of the PKs of drugs in this population. A study evaluating the clinical efficacy of the PEN dose recommended above for the empirical treatment of early neonatal sepsis is ongoing. 
